Plasticity of the axon initial segment (AIS) has aroused great interest in recent years because it regulates action potential initiation and neuronal excitability. AIS plasticity manifests as modulation of ion channels or variation in AIS structure. However, the mechanisms underlying structural plasticity of the AIS are not well understood. Here, we combined immunofluorescence, patch-clamp recordings, and pharmacological methods in cultured hippocampal neurons to investigate the factors participating in AIS structural plasticity during development. With lowered neuronal density, the distance between the AIS and the soma increased, while neuronal excitability decreased, as shown by the increased action potential threshold and current threshold for firing an action potential. This variation in the location of the AIS was associated with cellular secretory substances, including brain-derived neurotrophic factor (BDNF) and neurotrophin 3 (NT3). Indeed, blocking BDNF and NT3 with TrkB-Fc eliminated the effect of conditioned medium collected from high-density cultures on AIS relocation. Elevating the extracellular concentration of BDNF or NT3 promoted movement of the AIS proximally to the soma and increased neuronal excitability. Furthermore, knockdown of neurotrophin receptors TrkB and TrkC caused distal movement of the AIS. Our results demonstrate that BDNF and NT3 regulate AIS location and neuronal excitability. These regulatory functions of neurotrophic factors provide insight into the molecular mechanisms underlying AIS biology.
The axon initial segment (AIS) is a specialized structure responsible for action potential initiation and maintenance of neuronal polarity. Numerous ion channels, cell-adhesion molecules, and regulator proteins are anchored to the AIS by ankyrin-G (AnkG) and other scaffold proteins (Rasband 2010; Kuijpers et al. 2016) . Action potential initiation at the AIS is dependent on high-density sodium channels, as well as other ion channels such as potassium and calcium channels (Goldberg et al. 2008; Kole et al. 2008; Bender and Trussell 2009) . In addition to action potential initiation, the AIS plays a role in maintaining neuronal polarity. Disrupting scaffold proteins like AnkG and cell-adhesion molecule NF186 destabilizes AIS structure and alters neuronal polarity (Song et al. 2009; Zonta et al. 2011) .
Long-term structural plasticity of the AIS occurs over periods of days to weeks after changes in network activity or during nervous system development. Deprivation of avian auditory input early after the onset of hearing increased the length of the AIS and augmented the intrinsic excitability of auditory neurons (Kuba et al. 2010) . During development of the visual cortex, the length of the AIS changes continuously and is influenced by visual activity (Gutzmann et al. 2014) . Along with AIS length, the position of the AIS in the avian nucleus laminaris varies in response to hearing onset and deprivation, which are regulated by activity-dependent and activity-independent mechanisms (Kuba et al. 2014) . Thus, at present, studies of long-term AIS structural plasticity consist primarily of anatomical observations. Studies of short-term AIS plasticity have made progress toward understanding the mechanisms underlying structural plasticity of the AIS, which is mediated by activation of voltage-gated calcium channels and calcineurin (Grubb and Burrone 2010; Evans et al. 2013 Evans et al. , 2015 . However, structural plasticity of the AIS occurs in a more complex manner in vivo. In addition to neuronal activity, other factors may play a role in AIS plasticity to meet the functional needs of neuronal networks.
In some pathological conditions, neuronal density is decreased because of cell loss, which is accompanied by altered neuronal activity and neurotransmission (Palop and Mucke 2010; Paz et al. 2010) . Based on previous studies showing that neuronal activity plays an important role in structural plasticity of the AIS (Kuba et al. 2010; Gutzmann et al. 2014) , as well as studies showing that chemical signals affect the composition and function of the AIS (Del Puerto et al. 2015; Ko et al. 2016) , we hypothesized that neuronal density influences the structure of the AIS in a manner regulated by neuronal activity and/or chemical signals. Thus, a simplified system of hippocampal neuron cultures of varying density, which may differ in their degree of synaptic connection, level of network activity, and pattern of transmitter release (Mangan and Kapur 2004; Jun et al. 2007) , was utilized in our study. We found that distal localization of the AIS was associated with reduced culture density and network activity; instead of neuronal activity, neurotrophic factors BDNF/neurotrophin 3 (NT3) regulated the location of the AIS through activation of their receptors, TrkB/C.
Materials and methods
Hippocampal neuron culture Primary hippocampal neurons were prepared from E18 SpragueDawley rat embryos of both sexes (Vital River, Beijing, China). All the animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Peking University. The hippocampus was dissected and collected in Hanks' solution followed by a 2-min trypsinization (0.25%) at 37°C. Cells were collected by centrifugation (100 g, 10 min) and resuspended in neurobasal culture medium supplemented with 2% B27, 1% GlutMAX, and 50 U/mL penicillin-streptomycin (all from Gibco, Thermo Fisher Scientific, Shanghai, China). Cells were placed in 24-well plates coated with 50 lg/mL poly-D-lysine (Sigma-Aldrich, Shanghai, China) with an initial density of 250 000 cells/mL (0.5 mL/well, density 1), or in 35-mm dishes (2 mL/dish, density 1), which was further diluted to 1/2, 1/4, 1/8, and 1/16 of this original concentration (designated as density 1/2, density 1/4, density 1/8, and density 1/16, respectively, in the results section). Neuron cultures were incubated in a humidified incubator containing 5% CO 2 at 37°C. Half of the culture medium was replaced every 3 days. All experiments were carried out on DIV14 (days in vitro 14).
Immunofluorescence and AIS measurement
Neurons on coverslips were fixed in 4% paraformaldehyde-phosphate-buffered saline (PBS) for 15 min at room temperature (RT, 20-23°C) and permeabilized in ice-cold 0.2% Triton X 100-PBS for 20 min, followed by blocking in 10% goat serum for 1 h at 20-23°C. Primary antibodies were diluted in 1% bovine serum albumin and incubated overnight at 4°C. Secondary antibodies were diluted in 10% goat serum and incubated for 1 h at 20-23°C. Hoechst 33342 (Molecular Probes, Thermo Fisher Scientific, Shanghai, China) was used to label nuclei. Anti-AnkG antibodies (Invitrogen, Thermo Fisher Scientific, Shanghai, China, RRID: AB_2533145, 1 : 400; Santa Cruz Biotechnology, Shanghai, China, RRID: AB_633909, 1 : 500) were used to label the AIS. Anti-Map2 antibodies (Cell Signaling Technology, Beverly, MA, USA, RRID: AB_10693782, 1 : 400) were used to label neuronal soma-dendrites. Secondary antibodies (FITC-conjugated goat anti-mouse IgG; TRITC-Conjugated goat anti-rabbit IgG, 1 : 200) were purchased from ZSGB-BIO (Beijing, China). Images were acquired on a Zeiss LSM 710 (Zeiss, Oberkochen, Germany) laser scanning microscope. The final neuronal density was determined via counting the number of cells that were positive for Map2 staining. For the pharmacological experiments, images were captured randomly until a sufficient number of AIS were acquired (approximately 20 AIS/coverslip). Data were collected for all AIS in each image. For the transfection experiments, transfected neurons were captured randomly (approximately 15 cells/coverslip), with a similar number of non-transfected neurons captured in the same field as a control group. The control neuron was chosen as follows: scanning clockwise from the left-side of each transfected neuron, the first encountered non-transfected neuron was selected as a control.
AIS fluorescence was measured with ZEN 2009 software (Zeiss, Oberkochen, Germany). To obtain fluorescence intensity values, a smooth curve was drawn across the AIS starting from the soma along the trunk; this procedure was followed whether the AIS emanated directly from the soma or from a dendrite. The limit of the soma (the starting point from which we drew a line across each AIS) was judged visually by drawing a smooth curve along the edge of the cell. Data were analyzed by programs written in IDL 8.0 according to methods published by Grubb and Burrone (2010) . First, a smooth cubic spline approximation to the raw data was performed, after which the start and end points were set to fluorescence values equal to 30% of the maximum of the approximation, which was the top point. The IDL program returned the distance between the start and end points as the length of the AIS. In addition, the average fluorescence intensity was obtained by dividing the summation of the approximation by the number of points.
Electrophysiology
Whole-cell patch-clamp recordings were performed with a HEKA EPC-10 amplifier (HEKA, Lambrecht, Pfalz, Germany) at 20-23°C. Electrodes (3-5 MΩ) were filled with a solution containing (in mM) 130 K-gluconate, 10 NaCl, 1 MgCl 2 , 10 HEPES, 10 EGTA, 4 ATPMg, 10 phosphocreatine-Tris, and 0.3 GTP-Li; the pH was adjusted to 7.2-7.3 with KOH. Neurons were submerged in ACSF containing (in mM) 141 NaCl, 2.5 KCl, 2.4 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 10 glucose, and 10 HEPES; the pH was adjusted to 7.3-7.4 with NaOH. All signals were filtered at 10 kHz. Cell capacitance and input resistance were acquired with a lockin program (sine wave, 1 kHz, 10 mV) held at À80 mV. Action potentials (APs) were recorded under current-clamp mode, sampled at 100 kHz, and analyzed with Clampfit 10.2 software (Molecular Devices, Sunnyvale, CA, USA). Spontaneous excitatory post-synaptic currents (sEPSCs) were recorded in ACSF (containing 50 lM picrotoxin to block GABA-A receptors) under voltage-clamp mode; sEPSCs were sampled at 10 kHz and analyzed with MiniAnalysis software (Synaptosoft Inc, Fort Lee, NJ, USA).
Cell treatments
All treatments began on DIV3 and continued until DIV14. For coculture experiments, low-density coverslips were transferred to highdensity 35-mm culture dishes (1 coverslip per dish) or to culture dishes of the same density as a control treatment. For conditioned medium (CM) experiments, the culture medium of neurons at density 1 or density 1/16 was collected every 3 days as the CM, after which all medium in some wells was replaced with medium consisting of 50% CM and 50% new medium. As a control treatment, the medium of some other wells was replaced with 50% medium from cultures of the same density and 50% new medium. TTX (Taizhou Kangte, Taizhou, Jiangsu, China, 1 lM) and NBQX (Sigma-Aldrich, Shanghai, China, 10 lM) were used to block neuronal network activity. To block the activities of BDNF and NT3, the CM was incubated with TrkB-Fc or TrkC-Fc chimera proteins (R & D Systems, Minneapolis, MN, USA, 2 lg/mL) for 30 min at 37°C before it was added to the low-density cultures, while IgG-Fc (Sino Biological Inc., Beijing, China, 2 lg/mL) was used as a control treatment. BDNF (50 ng/mL), NT3 (50 ng/mL), and nerve growth factor (100 ng/mL) were purchased from Sino Biological Inc.
Quantification of BDNF and total protein abundance Culture medium was collected, a cocktail of protease inhibitors was added to the medium (Merck, Shanghai, China), and the resulting mixture was centrifuged at 12 000 g at 4°C for 10 min, after which the supernatant was used to quantify the amount of BDNF in the medium. Neurons were washed twice with ice-cold PBS, collected in Radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China), sonicated, centrifuged at 12000 g at 4°C for 10 min, and subjected to measurement of cellular BDNF, NT3, and total protein abundance. BDNF abundance in the medium and cytoplasm was quantified with the BDNF Emax â ImmunoAssay System (Promega, Madison, WI, USA); cellular NT3 abundance was quantified with a Rat NT3 ELISA kit (Elabscience, Wuhan, Hubei, China), according to the manufacturer's instructions. Total protein abundance was quantified with the bicinchoninic acid (BCA) protein assay kit (Pierce, Thermo Fisher Scientific, Shanghai, China).
Cell transfection
For knockdown experiments, TrkB/C shRNA and mock shRNA sequences (shown in Figure S5a ) were selected from a mouse shRNA plasmid library (Sigma-Aldrich), synthesized, and inserted between the XbaI and XhoI sites of fugw3-tdTomato plasmids. To test the knockdown efficiency of each shRNA, shRNA-tdTomato plasmids were co-transfected with TrkB-GFP or TrkC-GFP into HEK 293T cells. The protein levels of TrkB/C were determined by western blotting. Anti-TrkB antibody (BD Biosciences, San Jose, CA, USA RRID: AB_397507, 1 : 500), anti-TrkC antibody (Cell Signaling Technology, RRID: AB_2155283, 1 : 2000), and secondary antibodies horseradish peroxidase-conjugated goat anti-mouse IgG (Pierce, 1 : 1000) and horseradish peroxidase-conjugated goat anti-rabbit IgG (Pierce, 1 : 1000) were used. Neurons were transfected with the shRNA-tdTomato plasmids (500 ng/well) on DIV3 with Lipofectamine â 2000 (Invitrogen). The mixture of plasmids, Lipofectamine â 2000, and opti-MEM (Gibco) was incubated at 20-23°C for 30 min and added to the culture medium. The medium was removed after 12 h of transfection.
Statistical analysis
The sample size was determined based on similar studies that utilized AIS imaging and electrophysiological experiments (Grubb and Burrone 2010; Kuba et al. 2010; Evans et al. 2015) without statistical calculation. The assignment of subjects to each group was randomized. Each experiment was replicated at least three times (one replicate from one pregnant SD rat). The amount of data contributed by each replicate was similar. Blinding was not performed in this study, but data acquirement and analysis were performed in an independent manner by at least two people for each type of experiment. Sigmaplot 10.0 and Sigmastat 3.5 (Systat Software Inc., San Jose, CA, USA) were used for statistical analysis.
Results are expressed as mean AE SEM. Parametric statistics were used to analyze the results. Student's t-test was used for comparisons of two groups, whereas one-way or two-way ANOVA, followed by the Holm-S ıd ak method, was used for comparisons of multiple groups. The threshold for significance was p < 0.05.
Results
Shifting of the AIS distally from the soma is accompanied by reduced neuronal density To verify the manner in which neuronal density affects AIS location, hippocampal neurons were plated at density 1, density 1/2, density 1/4, density 1/8, and density 1/16. On DIV14, the final neuronal density was confirmed by counting the number of neurons with Map2 staining in each field ( Figure S1a ). AnkG was chosen as an AIS marker (Kordeli et al. 1995) (Fig. 1a) . The method used to define the AIS location is shown in Figure S1 (b). Interestingly, in sparse cultures, the distance of the AIS from the soma was significantly longer than that of dense cultures and changed in a nearly linear manner as the culture density was reduced (Fig. 1b) . The distances from the start point to the soma in the density 1, density 1/2, density 1/4, density 1/8, and density 1/16 groups were 5.2 AE 0.5, 6.8 AE 0.7, 10.3 AE 0.8, 12.2 AE 0.9, and 14.2 AE 1.4 lm, respectively. The length of the AIS was not affected by neuronal density (Figure S1c ), but the fluorescence intensity of AnkG was weakened in the density 1/4, density 1/8, and density 1/16 groups (Figure S1d ). These results demonstrate that relatively low neuronal density is associated with localization of the AIS more distally from the soma.
Low neuronal excitability is associated with low neuronal density Considering the close relationship between the AIS and AP initiation, we assessed the influence of the location of the AIS on neuronal firing properties. Cultures of density 1, density 1/2, density 1/4, and density 1/8 were used in these experiments. In whole-cell patch-clamp configuration, a ramp current was injected into each neuron to trigger AP firing. The AP thresholds of the density 1/4 and 1/8 groups were elevated ( Fig. 2a and b) . The AP thresholds of the density 1, density 1/2, density 1/4, and density 1/8 groups were À36.5 AE 1.3, À34.8 AE 1.9, À28.2 AE 1.8, and À23.6 AE 3.0 mV, respectively. The amplitude of the AP decreased as cell density was reduced ( Fig. 2a and c) . Furthermore, the threshold current to trigger an AP was increased significantly in neurons from the density 1/4 (97.1 AE 9.8 pA) and 1/8 (157.4 AE 10.0 pA) groups in comparison with that of neurons from the density 1 group (58.5 AE 5.5 pA) (Fig. 2d) , which indicated that neuronal excitability decreased as neuronal density was reduced. Membrane capacitance and input resistance were not affected by neuronal density (Fig. 2e and f) . Moreover, the repetitive firing ability of neurons following a large, prolonged depolarizing current, which was assessed by counting the number of APs on each trace after the AP was evoked, was impaired in the density 1/8 group (Fig. 2g) . These results indicate that neuronal excitability was decreased as neuronal density was reduced, corresponding to distal AIS localization.
Blocking the network activity of dense cultures does not alter AIS location Previous studies demonstrate that alteration of neuronal activity and transmission change the properties of the AIS (Grubb and Burrone 2010; Kuba et al. 2010 ) and indicate that network activity is strongly affected by neuronal density (Jun et al. 2007 ); therefore, we assessed whether the distal location of the AIS in sparse cultures was a result of reduced network activity. To measure network activity, sEPSCs were recorded in cultures of different neuronal densities. The frequency (events number/min) of sEPSCs in the density 1 group (212 AE 54) was much greater than that of the density (b) The distance from the AIS to the soma increased as neuronal density was reduced. n = 49, 58, 59, 28, and 35 AIS from the density 1, density 1/2, density 1/4, density 1/8, and density 1/16 groups, respectively, from three experiments. One-way ANOVA, **p < 0.01 vs. the density 1 group.
1/2 group (27 AE 9), but that of the density 1/2 group was not much greater than that of the density 1/4 (18 AE 4) and density 1/8 (8 AE 2) groups ( Fig. 3a and b) . The sEPSC amplitude of the density 1 group (24.8 AE 1.8 pA) was much greater than that of the density 1/2 group (13.9 AE 1.2 pA), but that of the density 1/2 group was not much greater than that of the density 1/4 (13.7 AE 1.5 pA) and density 1/8 (14.4 AE 0.9 pA) groups. These results suggest that network activity was not closely related to the location of the AIS, which did not differ markedly between the density 1 and density 1/2 groups (Fig. 1c) . To further investigate the relationship between network activity and AIS location, we used NBQX and TTX to block neuronal activity in density 1 cultures from DIV3. Neither NBQX nor TTX affected the location of the AIS (Fig. 1d) , indicating that network activity does not regulate the location of the AIS under our experimental conditions.
The location of the AIS is regulated by cellular secretory substances As neuronal density is reduced, individual neurons integrate fewer electrical signals and may receive fewer chemical Fig. 2 Decreased neuronal excitability was associated with reduced neuronal density. (a) Alignment of action potential (AP) waveforms from the density 1, density 1/2, density 1/4, and density 1/8 groups. Insert: a ramp current induced a series of firings. The neurons in the density 1/4 and density 1/8 groups displayed elevated AP thresholds (b) and decreased amplitude (c). n = 21, 16, 20, and 13 neurons in the density 1, density 1/2, density 1/4, and density 1/8 groups, respectively, from seven experiments. (d) Left: depolarizing current to trigger an AP. Right: the current threshold increased as neuronal density was reduced. No difference in cell capacitance (e) or input resistance (f) was observed among the density 1, density 1/4, and density 1/8 groups. n = 23, 24, and 25 neurons, respectively, from six experiments. (g) Left: increasing the depolarizing current triggered repetitive firings. Right: the number of APs was calculated from the first trace evoked and was decreased in the density 1/8 group. n ≥ 17 (values varied with the voltage changes) from eight experiments. One-way ANOVA (except for the results shown in Fig. 2g , for which two-way ANOVA was used); **p < 0.01 vs. the density 1 group. signals. Neurons and glia secrete signaling molecules during development. Some secreted components, including neurotrophic factors, semaphorins, and neurotransmitters, regulate axonal development and AIS function (Bender et al. 2010; Cheng et al. 2011; Molofsky et al. 2014; Del Puerto et al. 2015; Ko et al. 2016) . To identify the roles of cellular secretory substances in regulating the location of the AIS, we transferred low-density neuronal coverslips to density 1 dishes, or to dishes of the same density as a control treatment, on DIV3. After 11 days of co-culture with high-density neurons, the AIS of neurons from low-density coverslips were shifted proximally toward the soma (Figure S2a ), which indicated that secretory substances acted on neurons to regulate the location of the AIS. To verify this hypothesis, the medium of density 1 cultures (1 CM) was collected and added to low-density cultures every 3 days from DIV3. As expected, the AIS of low-density neurons were remarkably shifted closer to the soma after incubation with the CM, but not by the control medium from cultures of equal density ( Fig. 4a and b) . For the control groups, the distances from the start-point to the soma of the density 1/2, density 1/4, and density 1/8 groups were 4.8 AE 0.3, 7.5 AE 0.4, and 8.1 AE 0.4 lm, whereas those of the CM groups were 3.0 AE 0.2, 3.2 AE 0.2, and 3.8 AE 0.2 lm, respectively, for the density 1/2, density 1/4, and density 1/8 groups. However, when the medium of density 1/16 cultures (1/16 CM) was added to density 1 cultures, the AIS did not move to a distal location (Fig. 4c) . AIS relocation in low-density cultures was accompanied by enhancement of neuronal excitability, as indicated by the decreased AP threshold of the density 1/4 (À27.0 AE 2.3 vs. À33.5 AE 1.4 mV) and density 1/8 cultures (À28.3 AE 1.3 vs. À32.1 AE 1.1 mV) (Fig. 4d ), in accordance with the results described above (Fig. 1c and  b) . The CM did not enhance neuronal survival, indicating that proximal relocation of the AIS was not due to increased neuronal density ( Figure S2b ). These results demonstrate that substances in the CM facilitated movement of the AIS toward the soma. Fig. 3 The axon initial segment (AIS) location is not affected by blocking network activity. (a) Spontaneous excitatory post-synaptic current (sEPSC) traces in the density 1, density 1/2, density 1/4, and density 1/8 groups. The frequency (b) and amplitude (c) of sEPSCs were reduced in neurons from sparse cultures in comparison with those of the density 1 group. n = 13, 12, 12, and 8 neurons in the density 1, density 1/2, density 1/4, and density 1/8 groups, respectively, from six experiments. (d) Blocking network activity with 1 lM TTX and 10 lM NBQX from DIV3 did not change the AIS location in density 1 neurons. n = 94, 67, 124, and 77 AIS from the ctrl, NBQX, TTX, and NBQX+TTX groups, respectively, from four experiments. One-way ANOVA; **p < 0.01 vs. the density 1 group.
Neutralizing TrkB ligands eliminate the facilitatory effect of the CM on proximal relocation of the AIS To determine which cellular secretory substances induce proximal location of the AIS, we turned to previous studies on neuronal polarization and axon growth, and identified neurotrophic factors, such as BDNF and NT3, as promising candidates (Kim et al. 2006; Arimura and Kaibuchi 2007) . BDNF/NT3 and their receptors TrkB/TrkC are widely expressed by hippocampal neurons and promote axon development (Cheng et al. 2011; Ammendrup-Johnsen et al. 2015; Alsina et al. 2016) . TrkB was found to cluster at the AIS of rat hippocampal neurons (Drake et al. 1999) . BDNF was also reported to increase intrinsic neuronal excitability (Zhang et al. 2008) . Therefore, to assess the roles of BDNF and NT3 in movement of the AIS, we applied TrkB-Fc to the CM to bind ligands of endogenous TrkB, which is activated by BDNF, NT4/5, and NT3. After incubation with TrkB-Fc or IgG-Fc for 30 min, the CM was added to low-density cultures (Fig. 5a ). In comparison with IgG-Fc ( Fig. 5b, left; yellow: ctrl 7.5 AE 0.5 vs. CM 3.1 AE 0.3 in the density 1/4 groups; green: ctrl 9.4 AE 0.6 vs. CM 3.6 AE 0.4 lm in the density 1/8 groups), TrkB-Fc completely eliminated the effect of the CM on proximal relocation of the AIS; the position of the start-point returned to 7.5 AE 0.6 and 9.0 AE 0.7 lm, respectively, in the density 1/4 and density 1/8 groups ( Fig. 5b, left ; yellow and green, respectively). TrkC-Fc was also applied to block NT3, the only known ligand of TrkC. TrkC-Fc did not prevent the effect of the CM on AIS relocation (Fig. 5b, right) . In addition, TrkB-Fc prevented hyperpolarization of the AP threshold by CM treatment (Fig. 5c ). Taken together, these results suggest that neurotrophic factors secreted into the culture medium promote proximal relocation of the AIS.
BDNF and NT3 cause the AIS to shift proximally toward the soma via activation of TrkB and TrkC Given that neurotrophins play an important role in regulating the location of the AIS, we added BDNF (50 ng/mL), NT3 (50 ng/mL), or both of these neurotrophins to the culture medium of the density 1/4 group on DIV3. Both BDNF and NT3 induced proximal movement of the AIS, but the effect of BDNF was more prominent than that of NT3 (Fig. 6a and  c) . The addition of BDNF and NT3 together increased neuronal excitability and induced the AIS to locate nearer to the soma in comparison with its position following the addition of NT3 alone ( Fig. 6a-c; 9 .16 AE 0.64, 5.11 AE 0.32, 6.18 AE 0.53 and 4.59 AE 0.25 lm, respectively, in neurons from the ctrl, BDNF, NT3, and BDNF+NT3 groups). The AP threshold was reduced from À26.0 AE 1.6 to À31.8 AE 1.1 mV, whereas the current injection threshold was decreased from 151.9 AE 13.8 to 104.7 AE 10.3 pA. In comparison with the effects of BDNF and NT3, another neurotrophin, nerve growth factor (100 ng/ mL), produced no effect on the location of the AIS ( Figure S3) . Next, the influence of culture density on neurotrophin concentrations in the culture medium was assessed. The quantity of BDNF in the medium of cultures of differing density was determined by ELISA. Neuronal density strongly affected BDNF abundance, especially in the density 1/8 and density 1/16 groups (Fig. 6d) . In contrast, intracellular BDNF abundance increased as culture density was reduced ( Figure S4a ), and the intracellular NT3 level showed a trend similar to that of BDNF ( Figure S4b ). These results reveal that distal AIS localization in sparse cultures is related to low neurotrophin concentrations in the culture medium in comparison with those of dense cultures.
BDNF and NT3 are involved in relocating the AIS proximally toward the soma; therefore, obstructing protein translation of their receptors may block downstream pathways and shift the AIS away from the soma. To assess this hypothesis, we selected three mouse NTRK2 (TrkB) shRNAs and four mouse NTRK3 (TrkC) shRNAs from a shRNA library ( Figure S5a) , and fused their sequences into the fugw3-tdTomato plasmid (Wei et al. 2016) . By transfecting the constructed plasmids into HEK 293T cells that expressed TrkB or TrkC, the knockdown efficiency of these shRNAs was firstly tested using western blotting ( Figure S5b and c) . TrkB shRNA B3 and TrkC shRNA C3 were found to be the most effective of the tested shRNAs, which were used to transfect the neurons of density 1 and density 1/2 groups. Knockdown of TrkB or TrkC shifted the AIS distally ( Fig. 6e and f) , while over-expression of TrkB caused proximal AIS relocation ( Figure S6) ; a similar, but nonsignificant, effect of TrkC over-expression was also detected. Over-expression of GFP or TrkA-GFP did not influence the location of the AIS ( Figure S6 ). Taken together, these results confirm that TrkB and TrkC mediate AIS relocation induced by neurotrophins. Therefore, enhancement of signaling by (C3) caused movement of the AIS away from the soma in the density 1 (red) and density 1/2 (orange) groups. n = 55 ctrl, 58 B3, 30 ctrl, 27 C3, 55 ctrl and 55 mock AIS in the density 1 groups, n = 57 ctrl, 64 B3, 52 ctrl, 54 C3, 46 ctrl and 49 mock AIS in the density 1/2 groups, from three experiments. Student's t-test. *p < 0.05 and **p < 0.01 vs. the control group.
BDNF and NT3 regulates the location of the AIS and increases intrinsic neuronal excitability.
Discussion
The AIS plays a vital role in AP initiation and maintenance of neuronal polarity. Although various forms of structural plasticity of the AIS have been observed, knowledge of the regulatory mechanisms underlying AIS development and plasticity is quite limited. In this study, we examined the influence of neuronal density on AIS structure in cultured hippocampal neurons. We showed that the AIS were located distally in sparse cultures, in which neuronal excitability was decreased correspondingly. The location of the AIS was regulated by secreted cellular substances, including neurotrophins BDNF and NT3, but not by network activity. Knockdown or over-expression of neurotrophin receptors TrkB or TrkC induced localization of the AIS away from or toward the soma.
The relationship between neuronal excitability and AIS structure As a key component in neuronal signal transduction, the AIS determines the intrinsic excitability of neurons and is thus an important influence on the activity of neural networks. In our study, neuronal excitability decreased as the location of the AIS moved distally (Fig. 2b) and increased as the AIS moved proximally after CM treatment (Fig. 4c) . The relationship between the location of the AIS and neuronal excitability revealed by our results is in accordance with a previous study (Grubb and Burrone 2010) . In addition to a distal location, the average intensity of AnkG staining was weakened in lowdensity cultures ( Figure S1b ), suggesting that structural impairment is associated with distal AIS localization in such networks. AnkG is a key adaptor protein connecting membrane ion channels and the cytoskeleton; therefore, decreased AnkG abundance disturbs clusters of ion channels (Zhou et al. 1998; Sanchez-Ponce et al. 2012) , which are critical for AP initiation and development (Bean 2007) . Thus, changing the position and integrity of the AIS decreased AP amplitude and increased AP width (Fig. 2a and c) , leading to changes in intrinsic neuronal excitability ( Fig. 2b and d) . In addition, neuronal intrinsic excitability contributes to network activity, which in turn influences the structure of the AIS (Kuba et al. 2010; Gutzmann et al. 2014) . These studies suggest that the length and location of the AIS are determined by balancing neuronal network activity.
The discrepancy between long-term and short-term AIS structural plasticity In our study, the AIS was located nearer the soma in dense cultures, which formed a more active network than that formed by sparse cultures. However, according to the study by Grubb and Burrone (2010) , enhanced activity induced distal movement of the AIS away from the soma. This discrepancy between results might have been produced by a few factors. First, the experimental models and time course of AIS plasticity differed between studies. The assessment of short-term AIS plasticity in Grubb's study was based on a relatively mature neuronal network (DIV12-14) . In response to hyperexcitability, neurons showed a negative feedback adjustment of intrinsic excitability by relocating the AIS to a distal location. In our experiments, the AIS structure was the result of neuronal development. This long-term AIS plasticity is type of positive feedback similar to the function of neurotrophins (Cheng et al. 2011) . Neurotrophins can be released in activity-dependent and activityindependent manners (Vicario-Abejon et al. 2002; Wong et al. 2015) , so blocking network activity is not sufficient to induce AIS relocation (Fig. 3d) . This finding is in accordance with results from Grubb's study, in which the addition of TTX for 2 days did not change the location of the AIS. Second, different downstream signaling pathways were activated in our model and that used by Grubb and Burrone (2010) . Both high K + and photostimulation lead to rapid membrane depolarization. Under these conditions, opening of voltage-gated calcium channels and activation of calcineurin play major roles in relocating or shortening the AIS (Evans et al. 2015) . Calcineurin and neurotrophins affect diverse downstream signaling pathways (Chowdary et al. 2012; Evans et al. 2013) . Some subtypes of neurons may display inverted short-term structural plasticity of the AIS, which is dependent on opening of voltagegated calcium channels but not on calcineurin (Chand et al. 2015) . These studies suggest that various signals may act differently on the structure and plasticity of the AIS.
The effects of neurotrophins on the AIS and possible mechanisms Increased abundance of extracellular BDNF and NT3 results in proximal localization of the AIS and enhances neuronal firing (Fig. 6b and c) , while other neurotrophic factors like NT4/5, which activate TrkB, may play a similar role. Thus, the CM collected from high-density cultures, which contained a higher concentration of BDNF than that of low-density cultures, induced relocalization of the AIS of low-density cultures to a proximal location. However, the CM from low-density cultures did not show an opposite effect on the AIS of highdensity cultures (Fig. 4b) . As shown in Figure S4 , neurons sense and regulate external neurotrophin concentrations by changing protein expression levels (Cheng et al. 2011; Neumann et al. 2015) ; more BDNF and NT3 were synthesized by low-density neurons, although the total number of cells in each culture had a major influence on the BDNF concentration in the culture medium. This finding suggests that the neurons of high-density cultures may have rapidly regulated the expression or release of neurotrophins and replenished neurotrophin concentrations in the medium when the medium was replaced every 3 days. In addition, releasing and sensing neurotrophins may take place locally between neurons during synaptic transmission (Wong et al. 2015) . Thus, the relatively high BDNF concentration surrounding each neuron of density 1 may provide sufficient BDNF signaling to maintain a proximal AIS location.
Comprehensive studies of the effects of neurotrophins on synaptic plasticity and axon growth provide insight into the mechanisms through which neurotrophins act on AIS structure (Schuman 1999; Arimura and Kaibuchi 2007; Lai et al. 2012) . Neurotrophins act locally on axons to promote axonal growth by producing retrograde signals to regulate nuclear transcription factors (Zweifel et al. 2005) . Trk receptors exist on the cell membrane or endosomes and activate various signaling pathways. Membrane-bound Trk receptors activate Ras GTPases, whereas endosomal Trk receptors activate Rap1 GTPase and MAPK pathways (Chowdary et al. 2012) . BDNF signaling up-regulates expression of MAPK phosphatase-1, which deactivates c-Jun N-terminal kinase and destabilizes microtubules (Jeanneteau et al. 2010) . In addition, neurotrophins elevate the intracellular calcium concentration by opening intracellular calcium stores and membrane calcium channels (Rose et al. 2004) , which also participate in axon development and AIS plasticity (Zheng and Poo 2007; Evans et al. 2013) . However, additional experiments are needed to comprehensively identify the molecular mechanisms underlying changes in AIS structure.
This study reveals the regulatory effects of neurotrophins, including BDNF and NT3, on the location of the AIS. Increasing surrounding BDNF and NT3 concentrations results in proximal localization of the AIS and enhances neuronal firing. This discovery illuminates the mechanisms underlying AIS plasticity and provides a new direction for studies of the function of the AIS in neuronal networks and the role of the AIS in neurodegenerative diseases.
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